T reaTmenT of temporal lobe arteriovenous malformations (AVMs) carries burdens beyond the primary consideration of prevention of hemorrhage. Prior studies of AVM-associated epilepsy have shown that higher rates of epilepsy are associated with temporal lobe involvement. 20, 23, 24, 48 Interventional therapy has the potential to control AVM-associated epilepsy.
a typical period of 2 to 3 years. 37, 47 While AVM radiosurgery outcomes have been previously reported by our institution and other neurosurgical centers, the relationship between temporal lobe location and AVM radiosurgery outcomes, specifically with regard to seizure control, has not been previously defined. [9] [10] [11] 27, 33 Furthermore, despite the particular susceptibility of patients harboring temporal lobe lesions to seizures, antiepileptic drug (AED) therapy is not routinely administered to patients with temporal lobe AVMs who do not have seizures at presentation. 14 Therefore, the goals of the present study are 1) to evaluate the radiosurgery outcomes, with respect to seizure control, obliteration, and complications, for temporal lobe AVMs and 2) to determine the effect of temporal lobe location on seizure control following AVM radiosurgery.
methods patient Selection
This is a single-center, retrospective, case-control cohort study evaluated from a prospectively collected database, approved by the University of Virginia institutional review board, of over 1400 AVM patients treated with Gamma Knife radiosurgery from 1989 to 2012. The inclusion criteria for the case cohort were 1) temporal lobe AVM location, 2) data regarding presence or absence of seizures at presentation, 3) data regarding posttreatment seizure outcomes available, 4) complete AVM obliteration following radiosurgery, and 5) minimum posttreatment follow-up duration of 2 years for AVMs without obliteration. Patients who had more than 1 radiosurgery treatment were not excluded, but the duration of follow-up was calculated from the last procedure.
radiosurgery procedure
The Gamma Knife (Elekta) radiosurgery procedure was performed in a standard fashion as previously described. 47 Prior to 1991, MRI was not routinely used in addition to angiography for treatment planning. After 1991, a combination of MRI and angiography were routinely used to optimize the spatial accuracy of radiosurgical planning. From 1989 until June 1994, the Kula software was used for dose planning. From July 1994 onward, dose planning was performed with the GammaPlan software (Elekta).
data and Variables
The following variables were obtained from the database and directed chart review: patient demographic characteristics (sex, age, and presenting symptom), baseline AVM characteristics (prior hemorrhage, prior embolization, prior resection, maximum diameter, volume, eloquent location, location and number of draining veins, and presence of associated aneurysms), and radiosurgery characteristics (prescription dose, maximum dose, isodose line, and number of isocenters). The Spetzler-Martin grade, modified radiosurgery-based AVM score (RBAS), and Virginia Radiosurgery AVM Scale (VRAS) were determined for each nidus. 45, 46, 49 To determine the effect of temporal lobe location on AVM-associated seizure outcomes following radiosurgery, a control cohort of patients with non-temporal cortical AVMs was generated from the same institutional database. The inclusion criteria for the control cohort were the same as those for the case cohort with the exception of location (i.e., frontal, parietal, or occipital lobe location for the control cohort vs temporal lobe location for the case cohort). To prevent statistical bias due to differences in baseline AVM characteristics and treatment parameters, the control cohort was selected so that the frequencies of preradiosurgery hemorrhage, preradiosurgery embolization and resection, eloquent location, presence of deep venous drainage, number of draining veins, and presence of associated aneurysms and the means of the nidus volume and prescription dose did not differ significantly between the temporal lobe AVM and non-temporal, cortical AVM cohorts. The generation of the control cohort was performed blinded to outcome and was conducted separately for AVM patients presenting with seizures and AVM patients not presenting with seizures.
radiological and clinical Follow-up
Information regarding seizure status was extracted from the chart and categorized as seizure free (with seizure freedom being patient-defined absence of seizures) or as not seizure free (patient-defined improved, unchanged, or worsened seizure rates). Seizure control was defined, in patients with seizures at presentation, as seizure freedom or decreased seizure frequency regardless of AED therapy. Seizure worsening was defined as increased frequency or intensity of seizures regardless of AED therapy. For the purposes of data analysis, postradiosurgery seizure outcomes were dichotomized into those patients with seizure control and those patients without seizure control (i.e., unchanged seizure status or worsening). De novo seizures were defined, in patients without seizure presentation, as new-onset seizures occurring after the radiosurgery procedure. Clinical follow-up was obtained from a combination of clinic appointments and hospital admissions to the University of Virginia and correspondence with patients' local referring physicians and outside hospitals.
Patients were monitored with serial MRI studies every 6 months after radiosurgery for the first 2 years, followed by annual MRIs after the first 2 years. Neuroimaging in addition to routine follow-up imaging was obtained in patients with neurological decline. All follow-up imaging was reviewed by a neurosurgeon and a neuroradiologist at the University of Virginia, regardless of where it was obtained. AVM obliteration was defined on MRI by the absence of flow voids or on angiography by the lack of aberrant arteriovenous shunting. Angiography was typically reserved for AVMs that were determined to be completely obliterated on MRI. Hemorrhage was defined on CT or MRI with or without correlation to new or worsening neurological deficits. Radiation-induced changes (RIC) were defined on follow-up MRI by perinidal T2-weighted hyperintensities. RICs were classified as symptomatic if they correlated with clinical symptoms, most commonly headache, focal neurological deficit, or seizure.
Statistical analysis
Statistical analysis was performed with the IBM SPSS Since the case and control cohorts had statistically similar AVM characteristics and radiosurgery treatment parameters, the 2 cohorts were merged for the univariate logistic regression analysis for predictors of seizure control. Covariates included in the logistic regression analysis were temporal lobe location, sex, age, prior AVM hemorrhage, prior embolization, prior resection, AVM volume, AVM location (non-eloquent vs eloquent), location of draining veins (exclusively superficial vs deep or both), number of draining veins (single vs multiple), prescription dose, Spetzler-Martin grade, RBAS, VRAS score, obliteration, radiological presence of RIC, postradiosurgery cyst formation, and postradiosurgery hemorrhage. Interaction and confounding was assessed through stratification and relevant expansion covariates. Factors predictive in univariate analysis (p < 0.20) were entered into a multivariate logistic regression analysis. A p value less than 0.05 was considered statistically significant. All statistical tests were 2-sided. For patients without seizures at presentation, the incidence of de novo seizures was too low to justify performing a logistic regression analysis.
Nidus obliteration was reported as a cumulative percentage that combined obliteration confirmed by angiography and obliteration determined by MRI alone. KaplanMeier analysis was performed to determine the actuarial obliteration rates over time. The actuarial obliteration rates were calculated separately for patients with and without presenting seizures and were statistically compared with the log-rank test. The annual postradiosurgery hemorrhage risk was calculated by dividing the total number of latencyperiod hemorrhages by the total number of risk years. The number of risk years for each patient was defined as the time interval between radiosurgery and obliteration or last radiological follow-up for nonobliterated AVMs.
results comparison of Baseline characteristics of case and control cohorts
A total of 175 patients with temporal lobe AVMs met the inclusion criteria for analysis (Table 1) . For the analysis of seizure control, the case cohort comprised 66 patients with temporal lobe AVMs who presented with seizures, and the control cohort comprised 122 patients with non-temporal, cortical AVMs who presented with seizures (Table 2 ). For the analysis of de novo seizures, the case cohort comprised 109 patients with temporal lobe AVMs who did not present with seizures, and the control cohort comprised 252 patients with non-temporal, cortical AVMs who did not present with seizures (Table 3 ). There were no statistically significant differences in the AVM and treatment characteristics between the case and control cohorts for patients with or without seizure presentation.
effect of temporal lobe location on postradiosurgery Seizure control
Of the 66 temporal lobe AVM patients who presented with seizures, 5 (7.6%) had worsening of their seizures after radiosurgery. At last follow-up, seizure control was achieved in 41 patients (62.1%)-seizure freedom in 12 patients (18.2%) and decreased seizure frequency in 29 patients (43.9%). The remaining 20 patients had unchanged seizure outcomes following radiosurgery (30.3%). The rates of seizure freedom and control for patients with obliterated temporal lobe AVMs were 22.2% (8/36 patients) and 66.7% (24/36 patients), respectively. The rates of seizure freedom and control for patients with patent temporal lobe AVMs were 13.3% (4/30 patients) and 56.7% (17/30 patients), respectively ( Fig. 1) . Obliteration of the nidus did not significantly alter the rate of seizure freedom or control for patients with seizure presentation (p = 0.103 and p = 0.404, respectively).
Of the 122 non-temporal, cortical AVM patients who presented with seizures, seizure control was achieved in 63 patients (51.6%), including seizure freedom in 18 patients (14.8%). The rates of seizure control and seizure freedom for patients with obliterated nidi were 52.9% (36/68 patients) and 16.2% (11/68 patients). Compared with patients with angioarchitecturally similar non-temporal cortical AVMs ( Fig. 2A) , patients with temporal lobe AVMs presenting with seizures did not have significantly different rates of seizure control (p = 0.168) or seizure freedom (p = 0.540). When only patients with completely obliterated nidi were considered, the differences between the 2 cohorts were also nonsignificant with respect to seizure control (p = 0.178) and seizure freedom (p = 0.448).
Based on the univariate logistic regression analysis, preradiosurgery embolization (p = 0.023) and lower prescription dose (p = 0.027) were significant predictors of postradiosurgery seizure control (Table 4 ). In addition to these 2 covariates, temporal lobe location (p = 0.187), male sex (p = 0.120), preradiosurgery hemorrhage (p = 0.064), higher volume (p = 0.056), non-eloquent location (p = 0.087), and higher RBAS (p = 0.091) were selected for further analysis in the multivariate model. Multivariate logistic regression analysis did not identify any factors that were significantly associated with seizure control. Therefore, temporal lobe location was not significantly associated with seizure control. Additionally, obliteration was not associated with seizure control in the logistic regression analysis (p = 0.522).
effect of temporal lobe location on de Novo Seizures after radiosurgery
Of the 109 temporal lobe AVM patients without seizures at presentation, 2 had de novo seizures after radiosurgery (1.8%) including 1.3% in obliterated (1/75 patients) and 2.9% in patent (1/34 patients) AVMs. AVM obliteration did not significantly alter the incidence of de novo seizures for patients without seizure presentation (p = 0.562). Of the 252 non-temporal, cortical AVM patients without seizure presentation, five had de novo seizures after radiosurgery (2.0%), including 2.5% in obliterated (5/198 patients) and 0% in patent (0/54 patients) AVMs. The difference in the incidence of de novo seizures was not significantly different between the case and control cohorts when including all AVMs (p = 0.925) and when including only obliterated AVMs (p = 0.549) in patients without seizure presentation (Fig. 2B) . Therefore, temporal lobe location was not associated with postradiosurgery de novo seizures.
radiological and clinical Outcomes for temporal lobe aVm patients after radiosurgery
Complete AVM obliteration was defined by MRI in 32 patients (18.3%) and confirmed by angiography in 79 patients (45.1%) for a cumulative obliteration rate of 63.4% (111/175 patients). The actuarial obliteration rates for all temporal lobe AVMs at 3, 5, and 10 years were 29%, 47%, and 68%, respectively (Fig. 3) . The median time to obliteration was 66 months. For patients with seizure presentation, the actuarial obliteration rates at 3, 5, and 10 years were 20%, 39%, and 62%, respectively, with a median time to obliteration of 73 months. For patients without seizure presentation, the actuarial obliteration rates were 33%, 52%, and 72%, respectively, with a median time to obliteration of 54 months. The obliteration rate was significantly higher in patients without seizure presentation (p = 0.046, log-rank test; Fig. 4 ). One AVM hemorrhage occurred during the latency period following radiosurgery in each of 12 patients over a total of 900 risk years, yielding a postradiosurgery hemorrhage risk of 1.3% per year. RIC was evident in a total of 54 patients (30.9%), of which 5 patients were symptomatic (2.9%). RIC-associated symptoms included focal neurological deficits in four patients (2.3%) and new-onset seizures in one patient (0.6%). Permanent deficits from RIC were present in 2 patients (1.1%). The median time to RIC onset was 11.9 months after radiosurgery, and the median duration of RIC was 13.3 months. Postradiosurgery cyst formation was observed in 7 patients (4.1%).
Repeat radiosurgery was performed in 20 patients (11.4%) with incompletely obliterated AVMs at three years follow-up. The median AVM volume at the time of repeat treatment was 1. 
discussion
The temporal lobe coordinates multiple cortical functions and may also be particularly susceptible to epileptic injury. 7, 14, 17, 50 Temporal lobe AVMs are difficult to safely resect, especially those in the dominant hemisphere, where the vascular supply to language function may also be intimately involved with the nidus. 15 Indeed, 53% of the temporal lobe AVMs in our series were located in eloquent cortex. Language mapping may assist in intraoperative management of eloquent AVMs but may force the surgeon to decide between complete resection and functional preservation. 18 In contrast to resection, radiosurgery offers a method of progressive AVM occlusion over time via intimal proliferation, hyaline transformation, and vascular thrombosis. 5, 43 Our prior studies have suggested that AVM radiosurgical outcomes may not be as strongly influenced by eloquent location as surgical outcomes.
13,41 Therefore, we propose that radiosurgery for temporal lobe AVMs is a reasonable alternative to resection.
relationship Between temporal lobe aVm location and Seizures
AVM location in the temporal lobe has been linked to seizures at presentation, although this relationship is 20 Turjman et al. evaluated the angioarchitectural features of 100 AVMs associated with epilepsy and found temporal and parietal cortical locations and vascular supply by the external carotid artery to be significant predictors of epilepsy. 48 Another series of 155 cases reported by Garcin et al. showed frontal, rather than temporal, lobe location to be independently associated with seizures. 21 Fierstra et al. proposed that AVM-associated seizures may be associated with impaired cerebrovascular reserve secondary to venous congestion based on a study of 20 AVM patients using MRI-based quantitative cerebrovascular reactivity mapping and angiography. 16 AVMs may also alter the physiology and excitability of perinidal cortical neurons, thus predisposing patients with superficial nidi to the development of seizures. 28 Furthermore, Yeh et al. suggested that the mesial temporal cortex may be susceptible to secondary epileptogenesis in patients with non-temporal AVMs, although this was only described in 2 individuals. 53 Due to the scarcity of convincing evidence, none of the aforementioned mechanisms has been widely accepted. Thus, the etiology of AVM-associated epilepsy remains largely unknown.
Seizure Outcomes Following microsurgical resection of temporal lobe aVms
In the present study, we found that the majority of patients with preradiosurgery seizures from temporal lobe AVMs reported remission or improvement after treatment. A comparison of the efficacies of radiosurgery to microsurgery for the amelioration of AVM-associated epilepsy is difficult due to inconsistent reporting in prior studies. In major published surgical series of temporal lobe AVMs, seizures were the presenting symptom in 15%-46% of patients (Table 5) . 3, 19, 31, 32, 35, 51 In congruence with the majority of studies in the AVM resection literature, the postoperative obliteration rates were excellent, in excess of 90%. For patients who presented with seizures, the rate of postoperative seizure control was 50%-100%. However, the documentation of seizure outcomes was inconsistent and heterogeneous, with only 50% of the microsurgical series reporting postoperative seizure outcomes.
effect of radiosurgery on Seizures Outcomes for patients with temporal lobe aVms
In our series of 175 patients with temporal lobe AVMs, seizures were the second most frequent presenting symptom (38%). The obliteration rate was 63%, which is consistent with our previously published series. 8, 12 Patients without seizure presentation were significantly more likely to achieve AVM obliteration than patients without seizure presentation (p = 0.046). The rates of seizure control (62%) and de novo seizures (2%) in the current series would compare quite favorably to the limited reports in the microsurgical literature for temporal AVMs. Nevertheless, the rate of seizure freedom was relatively low (18%). Although the rate of seizure control was somewhat higher in patients with AVM obliteration (67%) than in those with patent nidi (57%), this difference was not statistically significant (p = 0.404).
There is conflicting literature regarding the association of AVM obliteration with seizure control. 6 The present study conflicts with prior studies, which reported superior rates of posttreatment seizure control in patients with obliterated AVMs compared with those with patent AVMs. Hoh et al. compared the seizure outcomes following multimodality treatment of 141 patients with seizures to 283 patients without seizures and found obliteration to be significantly associated with Engel Class I outcomes (p < 0.001). 23 Lim et al. reported a 77% rate of seizure control in 43 AVM patients treated with radiosurgery. 30 Patients with radiosurgery-induced AVM obliteration were significantly more likely to achieve seizure freedom (p < 0.005). In a more recent radiosurgery AVM series of 86 patients with seizures at presentation, Yang et al. also found the rate of seizure freedom was significantly higher in patients with obliterated nidi compared with those with patent nidi (97% vs 31%, respectively; p = 0.001). 52 In contrast, our findings are in agreement with those of Kurita et al., who studied 35 patients with unruptured, epileptogenic AVMs and did not find superior seizure control in patients with obliterated AVMs. 29 Another AVM radiosurgery study of 15 pediatric patients with seizures at presentation did not find obliteration to be associated with seizure outcomes. 22 Additionally, Schauble et al. reported on a series of 65 patients with AVM-associated seizures who underwent radiosurgery without a significant association between obliteration and seizure control. 42 Engel Class I outcomes were observed in 78% of patients. Although there is an overall trend in the literature toward more favorable seizure outcomes in patients with AVM obliteration, the correlation between these 2 end points remains inconsistent.
Prior embolization (p = 0.023) and lower prescription dose (p = 0.027) were predictors of seizure control in the univariate logistic regression analysis. While the deleterious effect of embolization on radiosurgery-induced AVM obliteration has been reported in numerous prior studies in association with multiple purported but largely unverified mechanisms, the effect of prior embolization on postradiosurgery seizure outcomes has not been previously described. 1, 4, 26, 37, 44 Our study suggests the novel finding that, for patients with AVM-associated epilepsy, prior embolization may have divergent effects on obliteration and seizure control. In a review of radiosurgery outcomes for mesial temporal lobe epilepsy (MTLE) yielding a total of 92 patients, Rolston et al. observed higher rates of seizure freedom in patients treated with a prescription dose of at least 24 Gy (58%) compared with those treated with less than 24 Gy (27%). 40 However, AVM-associated epilepsy may not share pathophysiological similarities with MTLE.
39 Furthermore, while the anatomical features of temporal lobe AVMs may vary widely across patients, the anatomy of MTLE is relatively invariant. These distinctions between temporal lobe AVM-associated seizures and MTLE may account for the disparate associations between radiosurgical dose and seizure control. RIC may sensitize the perinidal cortex to excitatory stimuli and therefore predispose patients with postradiosurgery RIC to seizures. Although infrequent, RIC can cause de novo seizures, as observed in one patient in our series (0.6%).
The most important finding of this case-control, retrospective evaluation of AVM-associated epilepsy was that temporal lobe location did not confer significantly different postradiosurgery seizure outcomes, regardless of a patient's initial presentation. Therefore, while temporal lobe AVM localization may predispose AVM patients to preradiosurgery epilepsy, it does not appear to dictate the like- Fig. 4 . Kaplan-Meier plots of the actuarial obliteration of temporal lobe AVMs based on seizure status at presentation. For patients with seizures at presentation, the obliteration rates at 3, 5, and 10 years were 20%, 39%, and 62%, respectively. For patients without seizures at presentation, the obliteration rates at 3, 5, and 10 years were 33%, 52%, and 72%, respectively. The actuarial obliteration rate was significantly higher in patients without presenting seizures (p = 0.046, log-rank test). The numbers of patients with and without presenting seizures remaining at each time point are shown under the x-axis. lihood of achieving radiosurgery-induced seizure control.
Although the findings of this study refuted our hypothesis that temporal lobe location may portend poorer seizure outcomes, we nevertheless believe that this negative result is a relevant insight into AVM radiosurgery, given the particular predisposition of the temporal cortex toward epileptogenesis. 20, 23, 24, 48 Therefore, temporal lobe location of an AVM and the concern for epilepsy should not serve as a deterrent for the use of radiosurgery in the management of patients harboring these lesions. Ultimately, the foremost goal of AVM treatment is obliteration, given the potentially catastrophic degree of neurological morbidity associated with AVM rupture. 34 Persistence or worsening of pretreatment seizures, or development of de novo posttreatment seizures, may be managed by AED therapy and, in refractory cases, resection of the seizure focus based on cortical mapping and electroencephalography. Collaborative management of AVM-associated seizures with an epileptologist may optimize long-term outcomes and assuage patient-specific concerns.
Study limitations
Despite the relatively large number of temporal lobe AVMs treated at our institution, the present study remains limited by its single center, retrospective nature, which subject it to the selection and treatment biases of the institution and the treating physicians. While clinical follow-up was obtained at the University of Virginia when feasible, many patients treated at our center reside in other states or countries, thereby rendering direct follow-up difficult. Due to the variable quality of clinical follow-up and the nature of being a tertiary referral center for radiosurgery, we were unable to stratify our seizure outcomes according to Engel classification, AED usage, and seizure subtype. Therefore, we were unable to determine the effect of seizure frequency or severity at presentation on postradiosurgery seizure outcomes. Additionally, obliteration was determined by MRI without angiographic confirmation in 18% of patients in this series. Although angiography is the gold standard for assessment of AVM obliteration, MRI has been shown to be an acceptably accurate substitute. Pollock et al. previously determined MRI to have 100% specificity, 80% sensitivity, and 91% negative predictive value compared with angiography. 38 O'Connor and Friedman more recently reported an accuracy of 82% for MRI compared with angiography, which increased in 90% for AVMs less than 2.8 cm 3 in volume and, conversely, decreased to 70% for AVMs greater than 2.8 cm 3 in volume. 36 Our exclusion of patients with less than 2 years of radiological follow-up except those with AVM obliteration may bias our results toward more favorable outcomes. However, including all patients, even those with less than 2 years follow-up, would also bias our results albeit in an unfavorable manner. If only patients with at least 2 years of radiological follow-up were included (n = 153), rates of obliteration, cumulative RIC, symptomatic RIC, permanent RIC, and annual postradiosurgery hemorrhage risk were 58%, 31%, 2%, 0.7%, and 1.2%, respectively. The rates of seizure control and worsened seizure outcomes were 62% (36/58 patients) and 9% (5/58 patients), respectively. The incidence of de novo seizures in patients without presenting seizures was 2.1% (2/95 patients). Hence, broadening or restricting the inclusion criteria would not have significantly altered the reported postradiosurgery outcomes. Finally, we acknowledge that an analysis of the seizure outcomes for all AVMs treated with radiosurgery is lacking in the current study. However, we believe that, given the aims of this study, the aforementioned analysis may detract from the main conclusions and is therefore outside of the scope of the current work.
conclusions
We present the first analysis of radiosurgery outcomes for temporal lobe AVMs. Radiosurgery affords a reasonable obliteration rate for temporal lobe AVMs with relatively low rates of symptomatic RIC and latency period hemorrhage. Additionally, radiosurgery effectively reduces seizure frequency for patients with temporal lobe AVM-associated seizures. A minority of patients will develop new or worsening seizures following radiosurgery. A comparison of temporal lobe AVMs to angioarchitecturally similar non-temporal, cortical AVMs determined that temporal lobe location did not affect postradiosurgery seizure outcomes. Thus, temporal lobe AVM location and a concern for epilepsy should not be seen as a deterrent for treatment with radiosurgery. Furthermore, the routine use of prophylactic anticonvulsants in patients with temporal lobe or extratemporal, cortical AVMs undergoing radiosurgery does not appear warranted.
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